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a b s t r a c t 
Multi-pass cavity line-of-sight extinction (MPC-LOSE) and laser-induced incandescence (LII) techniques 
are deployed to measure the soot volume fraction in a series of nitrogen-diluted ﬂames, which produce 
only ppm volume mass fractions of soot. The separate suppression effects on soot formation of direct 
fuel dilution and indirect effects of temperature and residence time are interpreted by using a numer- 
ically calculated ﬂow velocity and temperature ﬁeld using a one-step fast chemistry model. The exper- 
imentally determined rate of soot formation is shown to obey approximately the same function of the 
local temperature for all dilution cases. The results show that a simple one-step reaction model using 
previously measured activation energies can account for the dilution effect with good accuracy. The re- 
sults show that the direct effect of dilution on concentration is comparable to the effects of changing the 
temperature estimated local temperature and residence time. 
© 2018 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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o  1. Introduction 
Soot from combustion sources is both a signiﬁcant atmospheric
pollutant, as well as a contributor to climate change [1,2] . Under-
standing the process of soot production, and creating predictive
models is part of the research into the development of clean, soot-
free combustion systems. Here, we investigate inert-diluted hy-
drocarbon ﬂames, which typically produce signiﬁcantly lower soot
than in undiluted ﬂames, thus presenting challenges to usual mea-
surement methods [3–8] . 
Line-of-sight extinction (LOSE) methods [9–11] have been
widely used for soot detection and measurement, as they can yield
absolute values of soot volume fraction ( f v ) in uniform or symmet-
ric systems, and are relatively simple and inexpensive to imple-
ment using a low power continuous wave (CW) laser and photo-
diodes. Laser-induced incandescence (LII) imaging produces two-
dimensional maps of relative soot volume fractions, but requires
calibration. The techniques are therefore complementary, and have
been used together in the past [12,13] . 
In our previous work, multi-pass cavity line-of-sight extinction
(MPC-LOSE) was utilised [11] to measure the f v in low-soot, diluted
ﬂames. The MPC-LOSE increases the level of absorption by a order∗ Corresponding author. 
E-mail address: bt312@cam.ac.uk (B. Tian). 
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0010-2180/© 2018 The Author(s). Published by Elsevier Inc. on behalf of The Combustion 
( http://creativecommons.org/licenses/by/4.0/ ) f magnitude relatively to a single pass technique, while maintain-
ng spatial resolution. 
Previous studies conducted using the LOSE technique on di-
uted diffusion ﬂames have used fuels that produce high levels
f soot [4,7,8] and thus can be measured with single pass ex-
inction techniques. In this paper, we extend the technique to
easure low sooting methane ﬂames, and investigate the sen-
itivity limits of the multi-pass technique. The resulting sig-
al to noise ratio is suﬃciently large to allow the extraction
f spatially resolved f v along both radial and axial directions
ia LII. 
A series of nitrogen-diluted laminar diffusion ﬂames produced
n a burner similar to one used by Shaddix et al. [12,13] , San-
oro et al. [14,15] and Puri et al. [16] are investigated. LII is used
or imaging the soot distribution, which is quantitatively calibrated
ith MPC-LOSE. The two measurements reveal the effect of dilu-
ion on the total soot volume fraction. 
Dilution results both in a direct lowering of the soot volume
raction via a concentration effect, as well as an indirect effect by
owering the ﬂame temperature and changing the residence times.
n order to separate these effects, a simpliﬁed fast chemistry model
f a jet co-ﬂow diffusion ﬂame is implemented numerically to es-
imate the local temperature. This allows the assessment of the di-
ect (concentration) and indirect (temperature and residence time)
ffects of dilution on soot, via a one-step chemistry model, as de-
ailed further on. Institute. This is an open access article under the CC BY license. 
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m  Nomenclature 
Y F mass fraction of fuel 
Y O mass fraction of oxygen 
X F mole fraction of fuel 
X O mole fraction of oxygen 
T temperature 
T f ﬂame temperature 
T ad adiabatic temperature as a function of mole fraction 
of fuel 
T ad ,0 adiabatic temperature of undiluted ﬂame 
T l local temperature 
T O ,0 temperature of oxygen in co-ﬂow 
T F ,0 temperature of methane in fuel ﬂow 
c p heat capacity of gas 
Q combustion enthalpy of methane 
Y O ,0 mass fraction of oxygen in co-ﬂow 
Y F ,0 mass fraction of fuel in fuel ﬂow 
X O ,0 mole fraction of oxygen in co-ﬂow 
X F ,0 mole fraction of fuel in fuel ﬂow 
f v soot volume fraction 
f n normalised soot volume fraction 
f ∗v maximum soot volume fraction 
ξ st stoichiometric mixture fraction 
u z axial velocity 
u r radial velocity 
s stoichiometric ratio of air and fuel 
λ heat conductivity 
ρ density 
ω chemical reaction rate 
T ref reference temperature of cold mixture 
W molecular weight 
D f mass diffusivity 
C s Sutherland’s constant 
r p inner diameter of fuel port 
E a global activation energy for soot formation 
A p pre-exponential coeﬃcient for soot reaction rate 
A single pass laser extinction factor 
B p pre-exponential coeﬃcient for soot reaction rate 
μv viscosity 
T p temperature of soot particle 
K e local extinction coeﬃcient 
P t total laser extinction projection 
P 0 single pass laser extinction projection 
m complex refractive index of soot particles 
S LII integrated LII signal intensity with probe volume 
K LII LII calibration coeﬃcient 
E ( m ) absorption function of soot particle, E(m ) = 
−Im 
(
m 2 −1 
m 2 +2 
)
, where Im is the imaginary part 
R m product of the reﬂectivity of the two cavity mirrors 
T m product of the transmittance of the two cavity mir- 
rors 
r radial coordinate 
. Experiment 
.1. Multi-pass extinction 
The methods have been described in our previous work [11] ,
nd only the key points are detailed here. The cavity extinction
ethod is based on the fact that light passing through a medium
s scattered and absorbed by particles, which results in an atten-
ation of the beam intensity, according to the Lambert-Beer law17,18] : 
n A = ln I t 
I i 
= −
∫ + ∞ 
−∞ 
K e (x ) d x = −P 0 (1) 
here K e is the local extinction coeﬃcient of the medium, deter-
ined by the local soot volume fraction and its optical properties,
nd P 0 represents the logarithmic loss of intensity across one pass.
he total logarithmic loss of intensity for a cavity, P t , can be related
o the single pass extinction A = I t /I i = exp (−P 0 ) via: 
 t = T m 
1 − A 2 R m A (2) 
here R m and T m are the products of the reﬂectances and trans-
ittances of the two cavity mirrors, respectively. The value P 0 can
e obtained from the measurement of P t and the calibrated mirror
haracteristics from Eqs. (1) and (2) : 
 0 = −P t − ln 
(
T m 
2 R m 
)
− ln 
[ √ 
1 + 4 R m exp 
2 (−P t ) 
T 2 m 
− 1 
] 
(3) 
For a symmetric situation such as the current ﬂame, the value
f P 0 for each radial distance from the origin y can be deconvo-
uted to determine the local extinction coeﬃcient K e ( r ) using the
bel Transform [19] . 
K e (r) = − 1 
π
∫ ∞ 
y 
P ′ 0 (y ) √ 
y 2 − r 2 
d y (4) 
Assuming that the primary particles are suﬃciently small rela-
ively to the wavelength, the Rayleigh approximation for the emis-
ivity is valid, so that the contribution of scattering to extinction
14,20] is negligible, and the local soot volume fraction f v , can be
btained from 
f v = λ
6 πE(m ) 
K e (5) 
here λ is the wavelength of the laser light and E ( m ) is the soot
bsorption function, which is related to from the soot refractive
ndex m via: 
(m ) = Im 
(
m 2 − 1 
m 2 + 2 
)
(6) 
n the present study, we assume the value of m to be 1 . 57 –0 . 56 i,
he value suggested by D’Alessio et al. for the visible range [21] .
owever, we note that the value of m is often considered wave-
ength dependent [22–24] , and values used in studies around the
resent wavelength range suggest E ( m ) values over a range of
37% [11] . In addition, recent work has shown that the E ( m ) also
epends on the aging of particles [25–27] , as their structure and
omposition changes with residence time through the high tem-
erature ﬁeld. Thus, E ( m ) is expected to vary with HABs [26] , es-
ecially in the central regions of diffusion ﬂames in the present
tudy. Given the continuing uncertainty in the optical properties,
he values of for the extinction coeﬃcient K e are made available as
upplemental material. These are independent of any assumptions
bout the value of E ( m ), and can thus be used for comparison with
ny absorption/extinction model as they evolve in the future. 
The discretisation of the Abel Transform generates uncertainty,
hich has been quantitatively analysed using the method in Ref.
11] . The estimated errors for the present case are around 10% for
he cases where soot peaks away from the centre (typically short
ames) and 18% for cases in which the soot peaks near the ﬂame
entre. 
.2. Laser cavity 
The conﬁguration of the laser cavity measurement system and
easuring procedure for the total extent of extinction P t can be
226 B. Tian et al. / Combustion and Flame 192 (2018) 224–237 
Fig. 1. Diagram of the LOSE system (DL: diode laser, M: mirror, BS: beam sampler, 
ND: neutral density ﬁlter, PD: photodiode, CVL: convex lens, CCL: concave lens, NB: 
narrow band ﬁlter, PRM: partially reﬂective mirror, AMP: ampliﬁer, DAQ: data ac- 
quisition board). 
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r  found in our previous study [11] . The schematic of the laser cavity
measurement system is shown in Fig. 1 . 
A diode laser (Omicron LuxX-638-150, 638 nm wavelength,
150 mW maximum power) is used as laser source. The inci-
dent laser beam is split via a beam sampler (Thorlabs BSF05-A)
into a reference laser beam ( < 1% of the power), and the probe
laser beam. A neutral density ﬁlter ND1 (Thorlabs NE40A, opti-
cal density = 4.0) is used to attenuate the beam density down
to a range relevant for the reference photodiode. The probe beam
is focused by a planar-convex lens P-CVL1 (Thorlabs LA1301-A,
250 mm focal length) and a planar-concave lens P-CCL (Thorlabs
LC4888, -100 mm focal length) down to a diameter of 200 μm
before entering the cavity. The two customised high reﬂectivity
mirrors, PRM1 (COMAR Optics), 25 mm diameter, 10 0 0 mm fo-
cal length, measured reﬂectivity, r 1 = (98 . 11 ± 0 . 20) %, and trans-
missivity, t 1 = (1 . 530 ± 0 . 147) %, PRM2 (COMAR Optics), 10 0 0 mm
focal length, reﬂectivity: r 2 = (98 . 11 ± 0 . 19) %, transmissivity, t 2 =
(1 . 537 ± 0 . 159) %, are aligned and separated by 17.5 cm, with the
burner at the centre. The small separation distance and the large
radius of curvature of the mirror surfaces ensures that the laser
beam diameter is nearly constant between the mirrors. Beam feed-
back is prevented by the insertion of a small diameter iris between
the laser and beam sampler. The main optical axis of PRM1 is in-
tentionally misaligned relatively to that of M1 to prevent the re-
ﬂected beam power from returning to the laser. The spatial resolu-
tion of the measurements has been measured as FWHM = 210 μm.
The stepping distance between two points in the LOSE measure-
ments is 0.25 mm, slightly larger than the diameter of the beam.
Data was collected for 10 s at 20 0 0 Hz sampling rate at each
axial and radial distance, and averaged over time. The total av-
eraging time of 10 s was determined as the minimum integra-
tion interval for which the standard deviation reaches a stable
value. .3. LII measurement and calibration 
The 2D LII measurements were performed using an identical
et-up to that in Ref. [11] . Brieﬂy, the laser source is a 532 nm
d:YAG laser (Litron nanoPIV) ﬁring at 10–25 Hz. The laser beam is
ollimated into a parallel sheet by a series of beam shaping optics
Thorlabs cylindrical lens with focus lengths of 75 mm, -25 mm
nd 100 mm respectively), followed by an aperture to generate a
eriﬁed top-hat proﬁle. The LII signal induced by the laser sheet
as captured by an ICCD camera (LaVision Intensiﬁed Relay Op-
ics and Imager Pro X 4M, 1024 × 1024 pixels) through a Nikon
F Micro Nikkor 60 mm lens 175 (f/2.8) and band ﬁlter (Thor-
abs FB400-40, central wavelength = 400 ± 8 nm, FWHM = 40
8 nm) which minimises the luminosity from PAH ﬂuorescence,
 2 and ﬂame radiation. A total of 500 images was captured for
ach operating condition and location. A delay of 20 ns was ap-
lied to the intensiﬁer gating to avoid the interference of PAH LIF
nd residual laser scatter. An intensiﬁer gate width of 50 ns was
sed to maximise the SNR. A laser ﬂuence of F = 0.18 J/cm 2 was
elected to be at the maximum of the ﬂuence curve obtained from
AB = 34 mm to 66 mm in the undiluted ﬂame E0. The LII im-
ges are calibrated using the extinction data by considering that
he integrated soot volume fraction across the centreline chord at
 particular height yields a total projected signal P 0 . Assuming that
he optical properties of soot do not vary between ﬂames, S LII can
e related to soot volume fraction using a linear coeﬃcient K LII :
 LII = K LII f v [28,29] , so that the ﬂame centre (where the chord dis-
ance y = 0), we have: 
 0 (0) = 
∫ + ∞ 
−∞ 
K e (r) d r = 6 πE(m ) 
λ
∫ + ∞ 
−∞ 
f v (r) d r 
= 6 πE(m ) 
λ
1 
K LII 
∫ + ∞ 
−∞ 
S LII (r) d r (7)
q. (7) can be solved for K LII if the projected extinction factor P 0 is
nown at a particular location. All constants were calculated from
xtinction factors at the point of maximum soot volume fraction
or a given ﬂame. For all ﬂames but the very dilute cases A1 and
1, the ICCD gain was set to 75%. The location near the maximum
oot volume fraction was determined as HAB = 70 mm, and K LII =
 . 75 × 10 8 . For ﬂame A1, the gain was set to 85% and K LII = 1 . 05 ×
0 10 , at HAB = 25 mm, and for ﬂame B1, the gain was set to 80%,
 LII = 2 . 02 × 10 9 at HAB = 30 mm. An estimate of the LII signal
rapping effect based on previous measurements [20] showed that
t these very low levels of sooting, less than 1% of the signal is
xpected to be absorbed. Single pass measurements were not able
o detect any extinction, as they are below the measurable signal
o noise ratio. 
.4. Burner and ﬂame 
The experiments were performed on a standard laminar diffu-
ion burner, similar to that used in many studies [12–16,30] whose
etails are available in Ref. [11] . The burner is mounted on a tra-
erse platform so as to scan through the ﬂame at various po-
itions with a precision of 0.01 mm along the horizontal di-
ection and 0.5 mm along the vertical. The test conditions are
rouped into ﬁve categories (from group A to E). In each group, the
ethane ﬂow rate is kept constant while the nitrogen ﬂow rate
s varied. Each ﬂame is labelled using a letter and a digit num-
er, as listed in Table 1 . Flames D0 and E0 (non-diluted condi-
ions) are standard ﬂames on the database of the National Institute
f Standards and Technology (NIST), containing f v proﬁles mea-
ured by Shaddix et al. [12,13,31] and velocity/temperature pro-
les measured by Santoro and co-workers et al. [15,16,31] . All are
vailable on the NIST website [31] , and are therefore used as a
eference. Although the datasets per se were not published in the
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Fig. 2. Natural luminosity of laminar diffusion ﬂames tested (camera model: Canon EOS 6D DLSR, exposure time = 1/60 s, photographic sensitivity (ISO) = 1250; lens model: 
Canon EF 24-105mm f/4L IS, f = 4.0, focal length = 105 mm). 
Table 1 
Test conditions for undiluted and nitrogen-diluted laminar CH 4 -air diffusion ﬂames. 
Case Flow rate (slpm) X F ,0 (%) 
Air CH 4 N 2 
A A0 16.2 0.19 0 100.0 
A1 0.05 79.2 
B B0 20.5 0.24 0 100.0 
B1 0.10 70.6 
C C0 25.6 0.30 0 100.0 
C1 0.10 75.0 
C2 0.20 60.0 
D D0 35.0 0.40 0 100.0 
D1 0.10 80.0 
D2 0.20 66.7 
D3 0.30 57.1 
E E0 65.8 0.53 0 100.0 
E1 0.10 84.1 
E2 0.20 72.6 
E3 0.30 63.9 
E4 0.40 57.0 
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oeer-reviewed literature beyond the NIST website, the techniques
sed for the measurements are detailed as follows. Shaddix et al.
sed LII at 560 nm excitation wavelength calibrated against extinc-
ion (632.8 nm), and m = 1 . 57 − 0 . 56 i , as detailed in [12,13] . The
emperature proﬁles were measured by Santoro and co-workers by
sing radiation-corrected thermocouple and velocity proﬁles were
easured with a conventional laser velocimeter (LV) dual beam
ystem (514.5 nm). The relevant technical details about the mea-
urements can be found in references [15,16] . 
Based on ﬂames D0 and E0, the fuel ﬂow rate is decreased from
roup E to that of group A, while nitrogen dilution is gradually in-
reased for each ﬂame. Using this method, the total carbon ﬂow
ate remains constant, while the mole fraction of fuel in the fuel
ow ( X F ,0 ) changes. The operating conditions are listed in Table 1 .
igure 2 shows natural light photos of the 16 ﬂames under consid-
ration; the ﬂame height is controlled by the jet ﬂow rate, whilsthe natural luminosity decreases with increasing dilution by nitro-
en. 
.5. Numerical model 
.5.1. Basic assumptions 
The model is based on the governing equations for mass and
omentum for a cylindrically symmetric system, with assump-
ions mirroring those in [32,33] : (a) unity Lewis number (heat dif-
usivity equal to the mass diffusivity); (b) equal diffusion coeﬃ-
ient and viscosity for all gaseous species in the ﬂame; (c) one-
tep reaction between fuel and oxidiser, with negligible reaction
ime (inﬁnite reaction rate); (d) variable density, constant pressure
teady-state ﬂow; (e) negligible axial diffusion; and (f) zero radia-
ion losses. More complete models could certainly be used for the
resent comparisons, for example by Smooke et al. [34–37] , which
ncludes multispecies diffusion and radiation, which can produce
etailed predictions of species and soot concentration. The purpose
f the present paper is however much simpler, namely to quantify
he direct and indirect effect of dilution on soot formation. This
equires a model capable of producing suitably accurate tempera-
ure predictions, so that the direct effect of concentration can be
eparated from the indirect effect on the temperature and velocity.
s shown in Section 3.2 , predictions using the present simpliﬁed
odel are suﬃciently accurate relatively to experimental data and
redictions from the more detailed model, within the soot produc-
ng region. Hence in the present context, the simpliﬁed model pro-
ides a sound basis for the decomposition of the effects, as shown
urther on. 
.5.2. Governing equations 
The mass conservation equation in axisymmetric cylindrical co-
rdinates is: 
∂ 
∂z 
( ρu z ) + 1 
r 
∂ 
∂r 
( rρu r ) = 0 (8) 
228 B. Tian et al. / Combustion and Flame 192 (2018) 224–237 
 
 
 
 
 
t
⎧⎪⎨
⎪⎩  
w
T  and that for the mixture fraction ξ is: 
ρu z 
∂ξ
∂z 
+ ρu r 1 
r 
∂ 
∂r 
( rξ ) = 1 
r 
∂ 
∂r 
(
rρD f 
∂ξ
∂r 
)
(9)
ξ = 
(
Y F − Y O 
s 
)
−
(
Y F − Y O 
s 
)
O, 0 (
Y F − Y O 
s 
)
F, 0 
−
(
Y F − Y O 
s 
)
O, 0 
(10)
where s is the stoichiometric mass ratio of air relative to fuel. Un-
der the assumption of inﬁnitely fast chemical reaction, and equal
diffusion coeﬃcients, the ﬂame temperature is linearly related toFig. 3. LII signal intensity averaged over 500 images and normalised by the maximum f
composites of 3 vertical images, so a connection discontinuity shows up as a slight mismhe mixture fraction according to: 
 
 
 
 
 
T = 
(
T f − T O, 0 
) ξ
ξst 
+ T O, 0 , ξ ≤ ξst 
T = 
(
T f − T F, 0 
) 1 − ξ
1 − ξst + T F, 0 , ξ > ξst 
(11)
here the ﬂame temperature T f is given by: 
 f = ξst Y F, 0 
Q 
c p 
+ ξst ( T F, 0 − T O, 0 ) + T O, 0 (12) v in E0. The scale is multiplied by the factor indicated on each ﬁgure. Figures are 
atch in intensity. 
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Fig. 4. Soot volume fraction f v measured using cavity extinction (blue circles) and LII (red line) for ﬂames A0, B0 and C0. Light blue (one-sided) error bars represent the 
standard deviation of extinction measurements; the pink error area shows standard deviation of LII measurements. (For interpretation of the references to colour in this 
ﬁgure legend, the reader is referred to the web version of this article.) 
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f  The momentum equations in the axial and radial directions are:
u z 
∂ u z 
∂z 
+ ρu r ∂ u z 
∂r 
= 1 
r 
∂ 
∂r 
(
μr 
∂ u z 
∂r 
)
+ ρg (13) 
nd 
u r 
∂ u r 
∂r 
+ ρu z ∂ u r 
∂z 
= μ
[
1 
r 
∂ 
∂r 
(
r 
∂ u r 
∂r 
)
− u r 
r 2 
]
(14) 
.5.3. Density and transport coeﬃcients 
The molecular weight of the mixture is calculated based on the
ass fractions of fuel, oxygen and diluent nitrogen as: 
 = 
(
Y O 
W O 
+ Y F 
W F 
+ 1 − Y O − Y F 
W N 2 
)−1 
(15) 
nd the density of the mixture at constant pressure conditions is:
= ρre f, 0 
T 0 
T 
W 
W re f 
(16) 
here the subscript ref denotes a reference temperature and
olecular weight. The diffusion coeﬃcient of the mixture at am-
ient temperature (293 K) is assumed to be equal to that of air,
s in previous studies [32,33] . D f ,0 = 0.2 × 10 −4 m 2 /s [38] , and is
ssumed to vary with temperature according to [39] : 
 f = D f, 0 
(
T 
T 0 
)1 . 67 
(17) 
he viscosity of the gas mixture is assumed to be equal to that of
ethane at room temperature and pressure: μv ,0 = 1.05 × 10 −5 
a · s [40] , and Sutherland’s law [41] is used in the estimation of
he dynamic viscosity of the mixture as a function of temperature,
v = μv , 0 
2 . 78 T 0 + 8 C s 
2 . 78 T + 8 C s 
(
T 
T 0 
) 3 
2 
(18) here C s is Sutherland’s constant. The value of C s = 120 for stan-
ard air is obtained from Ref. [42] . 
The boundary conditions are given as the uniform velocities at
he exit of the jet tube and co-ﬂow tube, and symmetry conditions
or the velocity and mixture fraction: 
 = 0 ξ = 1 u z = u F u r = 0 for 0 ≤ r ≤ r p 
ξ = 0 u z = u O u r = 0 for r > r 
 = ∞ ξ = 0 u z = 0 u r = 0 
 = 0 ∂ξ
∂r 
= 0 ∂ u z 
∂r 
= 0 u r = 0 
 = ∞ ξ = 0 u z = 0 u r = 0 (19) 
here r p is the inner diameter of the fuel port, u F and u 0 are the
ow velocities in the fuel tube and co-ﬂow tube, respectively and
elocity does not have an impact on the ﬁnal temperature and
elocity distribution since the ﬂames are highly buoyancy domi-
ated [38,43] . Combining Eqs. (9) –(18) with the boundary condi-
ions stated in Eq. (19) allows a solution for the mixture fraction ξ
nd velocity u to be obtained numerically. 
. Results and discussion 
.1. LII and extinction measurements 
Figure 3 displays the mean f v values obtained from 500 LII im-
ges for each test case. The signal intensities are converted into
oot volume fraction using the method described in Section 2.3 . In
rder to accommodate the full height of the ﬂames, three different
eries of images were taken, with images connecting at heights of
4 and 68 mm. For all cases, soot appears at the top and edge
egions of the ﬂame. Figure 3 shows that there is a dramatic de-
rease in the soot volume fraction with a decrease in the CH 4 mole
raction X F ,0 in the fuel stream. This is well known, and can be ex-
230 B. Tian et al. / Combustion and Flame 192 (2018) 224–237 
Fig. 5. Soot volume fraction f v measured using cavity extinction (blue circles) and 
LII (red line) for the ﬂame D1 and E1. Data for undiluted ﬂames D0 and E0 can be 
found in a previous paper [11] . (For interpretation of the references to colour in this 
ﬁgure legend, the reader is referred to the web version of this article.) 
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3plained in general by the effects of direct dilution and tempera-
ture decrease. Further, the peak soot volume fraction of soot, and
the extent over which the soot region spreads also increases with
increasing fuel ﬂow rate. Figures 4 and 5 show the comparison be-
tween the results obtained using the LII and extinction measure-
ment techniques for ﬂames A0, B0, C0, D1 and E1 (the results of
ﬂames D0 and E0 are not shown here as they are included in Ref.
[11] ). The results for other ﬂames are similar, and values of the
extinction coeﬃcient K e for all cases can be found in the supple-
mentary material. Error bars for the LII measurements are obtained
from the standard deviation of LII signals over 500 images, after
calibration using the method described in Section 2.3 . Error bars
for the extinction measurements are directly calculated from the
standard deviation of the measured raw data by error propagationsee Ref. [11] ). The uncertainty associated with the extinction mea-
urements gradually increases towards the ﬂame centre, due to the
umulative effects of the Abel Transform [19] . The error bars range
rom 10 to 100 ppb, with most of the uncertainty attributable to
andom ﬂame oscillation and cumulative effects of the Abel Trans-
orm. A detailed analysis of extinction measurement errors shows
hat stable measurements allow resolution down to 20 ppb [11] .
otential systematic uncertainties in E ( m ) are not included in the
rror bars, see Section 2.1 . LII and extinction measurements are in
ood agreement after a single calibration point for each condition,
ven in the sub-ppm range. The largest discrepancies appear un-
er conditions in which the soot is negligible at the centre line;
he numerical errors tend to accumulate due to the inverse trans-
orm, leading to the discrepancies observed. 
.2. Calculated temperature and velocity 
The replacement of nitrogen for fuel in the jet at a constant to-
al carbon ﬂow rate has the following effects: (a) a direct effect
n reducing the concentration of the fuel mass fraction and thus
oot precursors, (b) an indirect effect of lowering the temperature,
hich acts to reduce both the rate of soot formation and oxida-
ion, and (c) a second order effect in reducing the residence time.
he ﬁrst factor can simply be calculated from the direct dilution
ffect. In order to attempt to separate the other two factors, the
reviously outlined model for ﬂame mixture fraction and temper-
ture is deployed here for comparison with the different cases. A
alidation case is provided by comparison with temperatures and
elocities measured by Santoro and co-workers and published on
he NIST website [31] . Case CH4-S-101(following the NIST database
omenclature) is chosen for its similarity with the present base
onditions in E0, with a fuel ﬂow velocity of 10.11 cm/s (almost
dentical to the current velocities of 10.08 cm/s), an identical co-
ow air velocity of 14.6 cm/s, and a fuel tube diameter of 11.1 mm
compared to 10.5 mm in the present study). 
The calculated and measured temperatures and velocities are
ompared in Fig. 6 . There are large discrepancies in temperatures
t the base of the ﬂame, because axial diffusion is neglected in
his region of very high gradients. The differences become smaller
urther downstream, presumably because of the role of endother-
ic reactions and radiative losses, leading to lower temperatures
n the regions of peak soot formation and radiation around HAB
 60 mm. The discrepancies in velocities ( Fig. 6 , right column)
gainst the measured results are less pronounced that those of
emperature. In spite of the strong simpliﬁcations in the current
odel, the agreements of both temperature (shown in Fig. 6 , left
olumn) and velocity (shown in Fig. 6 right) are adequate for the
urrent purposes, as the disagreements are in general far from the
ooty zones. 
The results of the present model are also compared with the
etailed model and corresponding experiments [37,44] , using iden-
ical operating conditions as reported in those studies ( Figs. 7 and
 ). Similarly to the experimental studies in Fig. 6 , at lower HABs
nd regions close to ﬂame centre, the present model does not
gree well with the experimental data and detailed model. Further
ownstream, however, the agreement is good, and the discrepancy
etween the current model and measured data is no more than
00 K within the ﬂame, which is acceptable in the current sce-
ario. 
The temperature and velocity proﬁles along ﬂame centre are
ompared with the model in [37] in Fig. 8 . Two undiluted cases
nd one diluted case are calculated. The agreement of the ax-
al velocity is excellent, while the temperature differs by up to
00 K. 
B. Tian et al. / Combustion and Flame 192 (2018) 224–237 231 
Fig. 6. Comparison of ﬂame temperature (left) and ﬂow velocity (right) at different ﬂame heights of a methane ﬂame with a fuel ﬂow velocity of 10.11 cm/s and co-ﬂow air 
velocity of 14.6 cm/s from [31] (symbols). The calculations are based on identical parameters as the tested ﬂame in [31] . 
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f  .2.1. Calculated ξ , T and measured f v 
The calculated contours of ξ and T are shown in Figs. 9 and 10 .
he separate plots of ξ and T allow the observation of the mixture
raction and temperature contours, which vary with the dilution
actor. The values for the undiluted ﬂame E0 show that the cal-
ulated peak temperatures appear near but upstream of the peak
oot volume fraction. With increasing dilution for ﬂames E1 to E4,
he calculated contours of the stoichiometric mixture fraction ξ st 
ove towards the fuel side in the radial direction and upstream
owards the jet nozzle in the axial direction (HAB = 72 mm for
he E0 ﬂame and 58 mm for the E4 ﬂame). The calculated iso-
ontours of temperature behave similarly. A comparison with soot
olume fraction contours, however, shows that the location of the
eak soot volume fraction does not move with dilution in the same
irection as the stoichiometric contours, instead moving upwards
nd outwards. 
This should perhaps not come as a surprise, as the formation
f soot does not follow single step fast chemistry as assumed, but
ather depends on the residence time and stoichiometric history, as
he fuel undergoes pyrolysis, leading to soot growth and eventual
xidation. The same trend is also observed in cases A to D. This
rgument is supported by Honnery and Kent’s [33] study in which
hey investigated the soot formation process in long ethylene diffu-
ion ﬂames, and found that the total amount of soot at any height
n a ﬂame is primarily a function of the particle residence time
rom the reaction zone, and independent of the ﬂame length and
elative position in the ﬂame. Given that all of the ﬂames in group
 are highly buoyancy dominated, the trajectory time for soot par-
icles should primarily depend on the ﬂame height rather than
nitial ﬂow velocity due to the large axial buoyancy acceleration
15,38,43,45] . Thus, the soot zone does not shift in the same man-
er as ξ st . Under all conditions except E0 ( Figs. 3 and 10 ), the maximum
oot volume fraction appears at the centreline. The location of
he soot envelope region depends on the balance between a suf-
ciently long residence time available to the soot precursors at
igh temperatures at pyrolytic conditions, leading to soot forma-
ion, competing with time available at high temperatures with ac-
ess to oxygen, leading to soot oxidation. For most conditions, tem-
eratures peak near the stoichiometric contour, but the rate of
xygen diffusion relatively to the rate of pyrolysis over the resi-
ence time is highest near the edges of the ﬂame compared to
hat at the centreline, leading to a soot peak near the latter. At
he highest ﬂow rates in case the undiluted ﬂame E0, however,
e observe that the peak soot appears near the annular region.
he effect may be a net result of competing factors, including
he reduction of temperatures in the central region due to in-
reased radiation, as well as relative changes in residence times
etween the centreline and the radial region. In Section 3.3 , we
uggest simple models to explain the effect of dilution on the be-
aviour of the peak soot concentration for the region around the
entreline. 
.3. Separating direct and indirect effects of nitrogen dilution on soot 
olume fraction 
In order to separate the different factors for the decrease in soot
ith dilution, we consider a simpliﬁed model for soot formation
nd oxidation based on a single step reaction, following the ap-
roach of Axelbaum et al. [4] and Gülder et al. [7,8] . The basic as-
umption in these studies is that the soot formation rate in diffu-
ion ﬂames is proportional to the product of the ﬁrst order of the
uel mole fraction in fuel ﬂow and the Arrhenius term determined
232 B. Tian et al. / Combustion and Flame 192 (2018) 224–237 
Fig. 7. (Left column) Left half of the colour map: temperatures using the present model; right half: calculated values in [37] . Right column: Calculated temperature proﬁles 
of present model and results in [37] at four heights, compared with measured data (symbols). Fuel: methane at u z = 5.52 cm/s; co-ﬂow: air methane at u z = 12.54 cm/s; 
diameter of fuel tube: 11.11 mm; diameter of co-ﬂow tube: 95.25 mm. . 
Fig. 8. Comparison of the T (top) and u z (bottom) along ﬂame centreline in [44] , 
using the model in [37] . Present study: solid lines; [44] : dashed lines. Fuel: CH 4 ; 
dilution gas: N 2 ; co-ﬂow: air; diameter of fuel tube: 3.24 mm. Operational condi- 
tions of each case indicated in the ﬁgure. 
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i  y the adiabatic temperature: 
 s = A p X F, 0 exp 
( −E a 
R 0 T ad 
)
(20)
here A p is constant, X F ,0 is the fuel molar fraction in the incoming
uel jet, E a is the global activation energy, and T ad is the adiabatic
emperature, which is a function of the mole fraction of diluent ni-
rogen, X N 2 = 1 − X F, 0 . In the original model, Gülder et al. [7,8] as-
umed that the maximum soot mass fraction f ∗v is proportional to
he product of the rate of reaction in Eq. (20) to the total residence
ime through the reaction zone, τ . The latter was assumed to scale
ith the square root of the visible ﬂame height, yielding: 
f ∗v = B p H 
1 
2 X F, 0 exp 
( −E a 
R 0 T ad 
)
(21)
n their original experimental studies, the adiabatic temperature of
he ﬂames (of varying dilution ratio) was kept constant by adding
n external heat source to preheat the fuel and diluent gas. The
redictions and measurements of maximum soot volume fraction
f ∗v were then normalised by the maximum soot volume fraction
long the centreline in the undiluted case f ∗v ,u , as f n = f ∗v / f ∗v ,u . This
llowed a measurement of the direct dilution effect via the de-
rease in fuel concentration. 
The experimentally measured values of the normalized soot
olume fraction as a function of dilution X N 2 = 1 − X F, 0 is shown
s symbols in Fig. 11 , for ﬂames in group C-E. Unlike the exper-
ments of Gülder et al. [7,8] , however, the adiabatic temperatures
B. Tian et al. / Combustion and Flame 192 (2018) 224–237 233 
Fig. 9. Measured soot volume fraction (thin lines) and calculated mixture fraction ξ (thick lines) for group E ﬂames. The chemical stoichiometric mixture fraction ξ st for 
each ﬂame is denoted by a red rectangle. Note that the scales in the x - and y -directions are different. (For interpretation of the references to colour in this ﬁgure legend, the 
reader is referred to the web version of this article.) 
Fig. 10. Measured soot volume fraction (thin lines) and calculated temperature (ﬁlled contours) for group E ﬂames. The contour of T f (maximum T across the ﬂame) in each 
ﬂame is plotted as a white line in each ﬁgure. The number above the contour indicates the value of T f .Note that the scales in the x- and y-directions are different. 
234 B. Tian et al. / Combustion and Flame 192 (2018) 224–237 
Fig. 11. Normalized measured maximum soot volume fraction f n C-E ﬂames (sym- 
bols) as a function of extent of dilution. Calculated absolute adiabatic temperature 
T n , normalized by the undiluted ﬂame temperature (dotted line). Model predictions: 
concentration change via dilution (DIL, solid line), single-step (1s), ﬁrst order model 
[7,8] using two different activation energies E a : 290 and 328 kJ/mol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. (a) Measured ω s along the ﬂame centre line for cases A0 to E0 without 
nitrogen dilution; (b) measured ω s along the ﬂame centre line of group E ﬂames. 
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(  are also allowed to vary with the addition of diluent to the fuel
side. The effect is accounted for by calculating the adiabatic tem-
perature, T ad , for the stoichiometric mixture for the different dilu-
tion fractions using Cantera and GRI3.0 thermodynamics [46] , as
shown on Fig. 11 . For values of X N 2 ranging from 0 to 0.6, as in the
present experiments, there is only a weak dependence of the adia-
batic temperature on the extent of dilution X N 2 = 1 − X F, 0 , because
the reduction in temperature scales with the product of X N 2 times
the stoichiometric mixture fraction, which is a small number. The
effect of X N 2 can be isolated by considering the reaction tempera-
ture to be equal to the undiluted adiabatic temperature T ad ,0 (thick
blue line in Fig. 11 ). The direct effect on the normalised peak soot
volume fraction is linear with X N 2 , via the decrease in local con-
centration, according to the original assumption in Eq. (20) . An es-
timate of the effect of the decrease in adiabatic temperature on
the peak soot value depends on the choice of activation energy for
soot formation. There are only few studies on the global activa-
tion energy for soot formation in methane diffusion ﬂames, with
two values reported, namely 2.9 × 10 5 J/mol [47] and 3.28 × 10 5 
J/mol [48] . The estimated decrease in peak soot volume using the
model of Gülder et al. in Eq. (20) , including the estimated change
in height is shown as the dashed lines in Fig. 11 for the range of
values of the global activation energy in the literature. Although
the temperature does not vary signiﬁcantly, the exponential de-
pendence on the adiabatic temperature means that can still be a
signiﬁcant effect on the estimated peak soot over the range of esti-
mated activation energies. However, the model in Eq. (20) still con-
tains an approximation for the residence time and the estimated
visible height of the ﬂame. A revised simpliﬁed model for the ef-
fect of dilution on the peak soot volume fraction is described in
Section 3.3.2 . 
3.3.1. Soot formation rate 
A simpliﬁed species conservation equation for soot in an ax-
isymmetric ﬂame can be written as: 
ρu z 
∂ Y s 
∂z 
+ ρu r 1 
r 
∂ 
∂r 
( r Y s ) = 1 
r 
∂ 
∂r 
(
rρD s 
∂ Y s 
∂r 
)
+ ∂ρY s 
∂z 
+ ω s (22)
where ρ is the density of mixture; Y s is the mass concentration
of soot; ω s is the rate of soot formation in unit volume and D s is
the diffusivity of soot particles. The radial velocity is zero along theentreline. If diffusive terms are also neglected along the centreline
s an approximation, only the axial convection and reaction terms
emain: 
u z 
d Y s 
d z 
= ω s (23)
here the soot mass concentration Y s is related to soot volume
raction f v by: 
 s = f v ρs 
ρ
(24)
igure 12 (a) shows the value of ω s extracted from the measured
oot volume fraction and calculated using the density and velocity
long the ﬂame centre line for undiluted ﬂames A0 to E0. The peak
alues of ω s decrease at the higher ﬂow rates for cases D0 and E0.
We can use Eq. (20) for ω s and the measured values of X F ,0 ,
ssuming approximately constant density, to extract the activation
nergy for soot formation in the present experiments, as shown in
ig. 13 . The estimated value of E a in the present study is 3.56 ×10 5 
/mol, which is similar to the existing values in the literature
47,48] . In the following discussion, the value of E a is taken as the
ean of the present value and those from the literature [47,48] ),
nd the uncertainty of the E a is assumed to equal the standard de-
iation of the three values, which yields E a = (3 . 25 ± 0 . 33) × 10 5 
/mol. 
.3.2. Revised one-step soot formation model 
Using the simpliﬁed one-step soot formation model in Eq.
20) and the calculated temperatures along the ﬂame centreline,
B. Tian et al. / Combustion and Flame 192 (2018) 224–237 235 
Fig. 13. Value of ln k = ω s /X F, 0 obtained along the centreline as a function of re- 
ciprocal local model temperature for group E ﬂames. The best ﬁt line indicates 
E a = 3 . 56 × 10 5 J/mol. 
Fig. 14. Normalized soot volume fraction f n for ﬂames A to E, obtained using the 
revised model in Eq. (26) (lines) and experimental values (circles). 
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Fig. 15. Measured (symbols) and calculated (thick line) values of f n , surrounded by 
an uncertainty region (shaded), for ﬂame E0. The straight line indicates the direct 
effect of fuel concentration, X F ,0 , the thin curved line, Eq. (27) , including the change 
in peak adiabatic temperature. The contributions of the different factors based on 
the model are highlighted. 
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m  e can try to estimate the direct effect of fuel concentration dilu-
ion relatively to those attributable to the local temperature and
esidence time change. Consider f n , which is the ratio of maxi-
um soot volume fraction f ∗v at the centreline to that of an undi-
uted ﬂame, f ∗v ,u , where the superscript ∗ denotes the maximum
oot point. Using a ﬁrst order, one-step reaction model, with ω s =
 p ρX F, 0 exp 
(
−E a 
R 0 T l 
)
we expect: 
 z 
d Y s 
d z 
= ω s 
ρ
= A p X F, 0 exp 
(−E a 
R 0 T l 
)
(25) 
f n = f 
∗
v 
f ∗v ,u 
= X F, 0 ρ
∗
ρ∗u 
Y ∗s 
Y s,u 
= X F, 0 ρ
∗
ρ∗u 
[ ∫ z ∗
z i 
1 
u z 
exp 
(−E a 
R 0 T l 
)
d z 
] 
[ ∫ z ∗
z i 
1 
u z 
exp 
(−E a 
R 0 T l 
)
d z 
] 
u 
(26)
he overall dilution effect is therefore a result of the product of
wo effects: a direct effect due to dilution, represented by the
actor X F ,0 , and an indirect effect represented by the integrals in
rackets, which are taken at the centreline between the location of
ncipient soot formation z i to the location of the maximum at z 
∗,
nd calculated using the local temperature T l . 
The calculated normalised decrease in the peak soot volume
raction relatively to the undiluted case, f n , is compared with mea-
ured values in Fig. 14 . The error bars of f n in Fig. 14 are calcu-
ated using error propagation, based on the error of E a , which is
0.33 ×10 5 J/mol. The measurements are clearly within the errorange of calculated values using the one-step model and local tem-
eratures shown in Fig. 11 , with the exception of cases A1 and E3. 
Given the good agreement with the model, it is possible to
reak down the contributions of the direct and indirect effects of
ilution as discussed above. The calculated f n using Eq. (26) of
roup E ﬂame is plotted in Fig. 15 with a grey shaded error re-
ion. Finally, by using group E ﬂames (most sub-cases), it is pos-
ible to decompose the effect of the model factors in three steps:
a) the direct dilution effect represented by the decrease in X F ,0 ;
b) the effect of lower adiabatic temperature via dilution, Eq. (26) ;
nd ﬁnally the full model that takes into account the local tem-
erature differences, ( Eq. (27) ) with the activation energy derived
bove. The contributions of the different factors (dilution, adiabatic
emperature, and combined effect of local temperature and resi-
ence time), are highlighted in Fig. 15 . 
f n, T ad = 
f ∗v , T ad 
f ∗v ,u 
= 
X F, 0 exp 
( −E a 
R 0 T ad 
)
exp 
(
−E a 
R 0 T ad,u 
) (27) 
. Conclusion 
A laser cavity extinction technique with high spatial resolu-
ion was developed to measure the soot volume fraction across
itrogen-diluted, low-soot producing laminar methane-air diffu- 
ion ﬂames. Comparisons with LII measurements on low sooting
ames show good agreement with cavity extinction measurements.
nalysis of the data shows that for a stable measurement target,
ithout ﬂickering, a measurement error of less than 20 ppb can
e achieved, resulting in a measurement range of tens of ppbs. A
igh spatial resolution of 200 μm can be achieved by using concave
avity mirrors in the optical set-up. By comparing the numerically
alculated ﬂow ﬁeld of the diluted ﬂames and the measured soot
olume fraction map, the following conclusions can be drawn. 
At a ﬁxed total carbon ﬂow rate, the dilution of the fuel hardly
ffects the visible ﬂame height of the jet co-ﬂow and the calcu-
ated ﬂow velocity, indicating the ﬂames are highly buoyancy dom-
nated, rather than controlled by momentum. The region of forma-
ion and growth region of soot coincides with a calculated range
f ξ between 0.04 and 0.08 in all cases. The addition of dilu-
nt nitrogen changes the calculated location of the stoichiometric
ixture fraction ξ st , yet the measured location of the maximum
236 B. Tian et al. / Combustion and Flame 192 (2018) 224–237 
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 soot region does not change signiﬁcantly, and sometimes moves
in the opposite direction than expected from the calculations. This
may be a result of the combined effects of residence time and tem-
perature. A simpliﬁed model for soot formation that takes into ac-
count the local change in fuel fraction, the local temperature and
residence time offers good predictions of the observed decrease in
soot formation along the centreline region. The contributions of di-
rect dilution, temperature change and residence times based on
this model are approximately equal in accounting for the overall
reduction. 
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